Introduction
Bread wheat (Triticum aestivum L.) is a member of the genus Triticum of the large family Poaceae with about 3500 species (Horvath et al., 2009) . Bread wheat is an allohexaploid species (2n = 6x = 42, AABBDD) and consists of three different diploid genomes. Respectively, the progenitors of the A, B, and D genomes are Triticum urartu Thuman ex Gandil. (AA, 2n = 14) , Aegilops speltoides Tausch (BB, 2n = 14), and Aegilops tauschii Coss. (DD, 2n = 14) (Dvorak et al., 1988 (Dvorak et al., , 1993 (Dvorak et al., , 1998 Dvorak and Zhang, 1990) . Wheat is one of the most important cultivated plants in the world. It covers the largest region among cereals (approximately 218.5 million ha) worldwide (http://faostat3.fao.org). Wheat constitutes a fundamental nutrient sources for about 35% of the world population. Therefore, the gene pool of wheat, which is a highly self-pollinated plant, needs close attention since a limited gene pool could be a significant problem for wheat breeding (Afshan and Naqvi, 2011) . A narrowed genetic pool increases the development of risk factors. An increase in yield and disease resistance could be provided by expanding the genetic diversity of bread wheat (Nielsen et al., 2014) . A total of 173 released bread wheat cultivars exist in Turkey and have been planted on an area of 7,710,000 ha (http://www.usda.gov). Considerable numbers of those wheat cultivars have been improved by foreign sources and introduced to Turkey. Each year new genetic sources are introduced to the wheat areas; however, there is little information about how those introduced materials improved the genetic variation of the bread wheat gene pool. The genetic diversity can be estimated by different methods including DNA-based markers, pedigree records, and morphological markers. Various molecular markers (RAPD, AFLP, RFLP, SSR, DArT, and SNP) have been successfully used among wheat cultivars or progenitors (Chao et al., 2009; Nielsen et al., 2014) . Simple sequence repeats or microsatellites are used in a lot of research because of their locus specificity, ease of use, codominance, and high polymorphism (Röder et al., 1998a; 1998b; Landjeva et al., 2007; Laidò et al., 2013) . Microsatellite markers are useful for marker-assisted selection, identifying quantitative trait loci, genetic diversity, and labeling of stress-tolerant genes in wheat or wild relations (Landjeva et al., 2007; Ijaz and Khan, 2009) .
The aim of this study was to identify genetic diversity among bread wheat cultivars and wheat progenitors using genetic and morphological markers. We also studied the genetic variation between foreign and nationally improved bread wheat cultivars as well as new and old ones in order to understand how such contributions have affected the genetic diversity of cultivated bread wheat planted in Turkey. The results of this study are expected to be useful to prepare strategies to enrich the gene pool of bread wheat.
Materials and methods

Plant material
In this study, 24 randomly selected commonly grown bread wheat cultivars, planted annually on about 2 million ha covering more than one quarter of the total wheat area (http://wheatatlas.org) of Turkey, were obtained from the Department of Field Crops in the Faculty of Agriculture at Mustafa Kemal University and are listed in Table 1 . Of the 24 cultivars, 10 had been improved by foreign sources. Regardless of origin, the seven cultivars released before the year 2000 were considered old materials (Table 1) . Therefore, we were able to dissect the genetic variation between the foreign and national as well as the new and old bread wheat cultivars (Table 1 ). In addition, wheat progenitors were obtained from the USDA (Table 2) and Aegilops tauschii was kindly provided by Dr Hikmet Budak of Sabancı University in İstanbul, Turkey.
Field experiment and phenotypic measurements
Wheat progenitors and 24 bread wheat cultivars were used in this experiment. The bread wheat cultivars were planted in the fields in the Reyhanlı and Antakya districts of Hatay, Turkey. The wheat progenitors were planted in pots. The field experiments were planted in different environments in the 2009-2010 (Reyhanlı; 36°15′N, 36°20′E, altitude 88 m) and 2010-2011 (Antakya; 36°17′N, 36°11′E, altitude 105 m) growing seasons. Meteorological data of the experimental areas are given in Figure 1 . The experiment was conducted using a randomized complete block design with split plot arrangement, with the environments being main plot and genotypes being split plot in three replications. A 2-row plot 100 cm in length and having 20 cm between the rows was used and approximately 6 g of seeds were planted for each row. The agronomic characteristics involving yield component traits were measured. From each row, 10 representational leading spikes in the row were selected before harvest as samples to evaluate grain number per spike, spikelet number per spike, plant height (the tallest tiller from ground to the tip of the spike excluding awns in cm) and spike length (cm). After harvesting, grain quality was assessed by measuring grain volume weight (g) and 1000 kernel weight (g) (Shah et al., 1999; Campbell et al., 2003) . Other bread quality characteristics such as grain protein, wet gluten, grain hardness, energy values, starch, and Zeleny index were measured using near infrared reflectance spectroscopy (FOOS Infratec 1241, Denmark).
Molecular marker analysis
Genomic DNA obtained from leaves was extracted using a cetyltrimethylammonium bromide method (SaghaiMaroof et al., 1984) with minor modifications. Genomic DNA was quantified on a nanodrop (ACTGene UVS 99, NJ, USA), at A 260/280 nm. A total of 24 SSR primer pairs obtained from GrainGenes (http://wheat.pw.usda.gov/ GG2/index.shtml) were used in this study (Table 3) . At least one SSR marker per wheat genome, except 2D, 5A, 6B, and 7D, was scored and a total of 24 scorable and polymorphic markers were used in the genetic diversity analysis. Polymerase chain reaction (PCR) analysis was performed in a 20 µL reaction volume containing 30 ng of genomic DNA, 1.5 mM of MgCl 2 , 2 µM of each primer pair, 0.6 U of Taq polymerase, and 2 mM of dNTPs in a 10X reaction buffer. PCR amplifications were carried out in a GenePro Thermal Cycler (Bioer, China) with an initial denaturation for 5 min at 95 °C, then 35 cycles of 30 s denaturation at 94 °C, 30 s annealing at 50-60 °C, 1 min extension at 72 °C, and a final extension for 10 min at 72 °C. The amplified PCR products were electrophoresed on 3% metaphor agarose (Prona, EU) gels containing 1X TBE buffer (Tris Borate EDTA). The genomic DNA was stained with 1 µg/mL ethidium bromide solution. The gels were run at 130 V for 80 min. Gel photos were taken under UV light using a DNR MiniLumi (DNR MiniLumi, Israel) gel documentation system.
Statistical analysis
The data were scored as presence of band (1) and absence of band (0) from the SSR amplifications. To characterize the genetic variation, the observed number of alleles (na), effective number of alleles (ne), Nei's gene diversity (he), and Shannon's information index (I) were calculated using POPGENE v1.31 (Yeh et al., 1998) . A coefficient of similarity among species was calculated according to Nei (1973) . A UPGMA tree was constructed using NTSYS v2.02 (Rohlf, 1998) . The variance analysis of the agronomic traits data was evaluated using SAS v9.0 (SAS Institute Inc., Cary, NC, USA). The variance analysis was performed in order to analyze polymorphism information values with respect to genomes. Later, we applied a t-test for comparison of the means.
We also used a Mantel test with 10,000 permutations to correlate a distance matrix of marker data with a similarity matrix of quality and field data (Rohlf, 1998) . Analysis Triticum urartu G1820 Mardin, Turkey of molecular variance (AMOVA) was performed using GenAlex software (Peakall and Smouse, 2006) to detect variation between and within foreign and national as well as old and new cultivars. The same software was also used for identifying the allelic frequencies and heterozygosity values of the markers used in this study. We also analyzed marker information content with respect to the genome where it is found.
3.Results
Marker analysis
From the wheat marker databases, we selected 24 SSR markers present on the A, B, and D genomes of bread wheat (Table 3 ). The 24 SSR markers successfully produced 72 bands resulting in 939 alleles on the genomes of 24 wheat cultivars and 5 wild progenitors. The PIC values ranged from 0.113 (Xgwm124) to 0.352 (Xgwm312) and the average was 0.205. Therefore, the greatest genetic information was obtained from Xgwm312 and Xgwm372 while the least was from Xgwm124 (Table 3 ). The highest numbers of polymorphic bands (6) were produced from Xcfd54 while the lowest (1 for each) were obtained from Xcfa2292, Xcfd106, and Xcfd35. We analyzed markers with respect to the genomes in which they were found. Three markers (Xgwm630, Xcfd5, and Xcfd54) belonged to more than one genome; hence, they were discarded from the analysis in which only the markers found in a single genome were analyzed. Analysis of the molecular variance results showed that marker variation among genomes was less than 1% and insignificant (P > 0.05) regarding the cultivars used in this study. Despite the insignificant difference, B genome markers seemed to have the least genetic diversity information compared to the markers found in A and D. We also compared single genome markers with multiple genome markers (i.e. Xgwm630, Xcfd5, and Xcfd54). Analysis of molecular variance also showed that variation among the markers, which were represented in single genome vs. multiple genomes was less than 1% and insignificant (P > 0.05). Although variations between those markers were not significant, the markers found on multiple loci rendered more allele numbers and had slightly higher genetic diversity information than those markers found in a single locus on the chromosomes. Using 24 SSR markers, the observed number of alleles, effective number of alleles, gene diversity values, Shannon's information index, and number of total bands were also assessed for the cultivars and the progenitor plants used in this study (Table 4 ). According to those values, the least information was obtained from cultivars Pandas and Cumhuriyet while the greatest was obtained from Doğankent, Adana-99, Osmaniyem, Yüreğir-89, Sagittario, and Basribey-95 (Table 4 ). In terms of the progenitor plants, the highest genetic diversity information was obtained from T. turgidum subsp. dicoccon while the lowest was from T. monococcum subsp. monococcum.
Genetic diversity of bread wheat cultivars and progenitor plants
Using the markers and a similarity matrix, we constructed a dendrogram in which similarity coefficients ranged from 0.52 to 0.97 for all species while the coefficient range was from 0.69 to 0.97 for the cultivars. The dendrogram was composed of two main groups in which T. turgidum was separated from the others (Figure 2 ). In the second main group (B), progenitor species were in the B1 subgroup and were clearly separated from the cultivars in B2. In the second group (B2), cultivars Pandas, Kaşifbey-95, and Bayraktar-2000 were separated from the other cultivars, which were placed in two sub-subgroups. In B2. (Figure 2 ).
Agronomic and quality data analysis
For the field and agronomic analyses, we only used registered wheat cultivars since the field data of the progenitor species were not recorded. Analysis of variance [Kimura and Crow (1964) ], h = Nei's (1973) gene diversity, and I = Shannon's information index [Lewontin (1972) ].
results showed that there were significant differences among the genotypes in terms of spikelet length, plant height, spikelet number, and kernel number (P < 0.01). We used multivariate approaches especially for the analysis of agronomic and quality data since, except for kernel number, there was no significant difference between variances of the two growing seasons (Brown and Forsythe's test, P > 0.05). Mean differences in agronomic traits regarding the cultivars are shown in Table 5 . The highest plant height was identified in Bezostaja-1 and Bayraktar-2000, while the lowest was found in Golia. The longest spike belonged to Cumhuriyet-75, while the shortest one was from Golia and Esperia. The number of grains was the highest in Kaşifbey-95, while the lowest grain number was obtained from Bayraktar-2000. The number of spikelets was highest in Bezostaja-1, while it was lowest in Cumhuriyet-75 (Table 5) .
Agronomic traits among cultivars
In order to correlate genetic similarity values with those of agronomic traits, we constructed a dendrogram using the agronomic measurements mentioned in the Materials and methods section (Figure 3 ). The similarity coefficients using Euclidian distance ranged from 0.81 to 24.20. According to the dendrogram, the cultivars were separated into two main groups, named A and B ( Figure  3) . In group A, cultivars Bezostaja-1 and Bayraktar-2000 were highly separated from the others. In group B, Golia and Kaşifbey-95 were clearly separated from the other cultivars and did not form a group. The rest of the cultivars were placed within 2 subgroups. In B1, cultivars Adana-99 and Yüreğir-89 were more similar compared to Nurkent. In B2, there were two sub-subgroups in which B2.1 also had two sub-sub-subgroups. In sub-sub-subgroup B2.1.1, cultivars Basribey-95 and Doğankent were very similar to each other and separated from cultivars Guadalupe and Negev. In sub-sub-subgroup B2.1.2, Esperia and Sagittario had very close agronomic characteristics compared to the others. In the other subgroup B2.2, cultivars Karacadağ and Seyhan-95 seemed to be very similar to each other and separated from cultivars Cumhuriyet-75, Yunak, and Osmaniyem. We compared the agronomic trait data with the genetic distance matrix using the Mantel test with 10,000 permutations and found that there was no correlation (P > 0.05).
Diversity of quality traits among cultivars
The cultivars were clustered into two groups in terms of quality traits using Euclidian distances (Figure 4) . In group A, cultivar Bezostaja-1 was farther from cultivars Esperia, Gönen, and Pamukova-97, which was in subgroup A1. Group B was clustered under two subgroups, B1 and B2. The B1 subgroup included two sub-subgroups, of which B1.1, with Doğankent and Yunak, was separated from Adana-99, Golia, Kaşifbey-95, Ceyhan-99, and Ziyabey-98. Sub-subgroup B1.2 included cultivars Nurkent, Pandas, Galil, and Guadalupe. In subgroup B2, cultivar Osmaniyem was separated from the other cultivars clustered under the B2.1 sub-subgroup, which contained the B2.1.1 and B2.1.2 sub-sub-subgroups. The B2.1.2 group had cultivars Bayraktar-2000, Cumhuriyet-75, and Seyhan-95 separated from the other cultivars in B2.1.1. We compared the quality trait data with the genetic distance matrix using the Mantel test with 10,000 permutations and found that there was no correlation (P > 0.05). However, there was significant correlation between the data of the quality traits and those of the agronomic traits (r = 0.264, P = 0.017).
Variation between national and foreign cultivars
We examined the genetic heterogeneity of the cultivars according to their release year (Table 3) . AMOVA indicated that the molecular variance between the national and foreign cultivars accounted for only 3% of the total variation, while 97% resided within the sets (P = 0.118). The diversity values of the national (0.222) and foreign (0.223) populations were also similar. Using 24 SSR markers on 24 cultivars, we determined the expected heterozygosity (he) between the national and foreign cultivars and found no significant difference (P = 0.975). On the other hand, the number of private alleles was one for the population of national cultivars while it was three for the foreign ones.
Variation between old and new cultivars
The AMOVA results showed that the molecular variance between the old and new cultivars accounted for only 1% of the total variation, while 99% resided within the sets (P = 0.343). The number of private alleles was four for the old cultivars while it was two in the new cultivars. The old and new cultivars were significantly different in terms of he values (P < 0.001) and the old cultivars have significantly larger he values (mean = 0.245) than those of new cultivars (mean = 0.149) ( Table 4 ). 
Variation between progenitors and modern breeding cultivars
We determined the genetic variation between the progenitors and modern wheat cultivars using AMOVA. The results showed that the molecular variance between the progenitors and the modern breeding cultivars accounted for 41% of the total variation, while 59% resided within the sets (P < 0.001). A total of 10 private alleles were found for the modern cultivars while the number of those was 14 for the progenitors.
Discussion
A total of 24 SSR markers representing three genomes of bread wheat discriminated the progenitor species from the cultivars. We found no significant molecular variation among the genomes in terms of allele numbers produced by the markers used in our study, although the B genome markers had previously produced more allele numbers (Huang et al., 2002 (Huang et al., , 2007 . The PIC values of the markers seemed relatively low since we treated the markers as dominant markers; hence the PIC and he values show a maximum of 0.5 (e.g., 50% (0) and 50% (1)). In fact, when adjusted to proportion of the maximum obtainable values, the dominant markers actually show higher mean PIC values than do the codominant markers (Stodart et al., 2007) . A mean PIC value of 0.205 may be considered low, implying a narrow genetic diversity (Arabbeigi et al., 2014) . Using seven Turkish wheat cultivars and 223 genomic SSR markers, the mean PIC value was found to be 0.522 (Akfırat and Uncuoğlu, 2013) . Five Turkish durum wheat varieties were differentiated with seven SSR markers with a relatively high range of PIC values (0.227-0.887) (Hakkı et al., 2014) . In our study, the markers derived from different genomes resulted in similar allele numbers, although the B genome markers had the least informative alleles. This is probably due to the fact that our markers were not equally represented in each genome and chromosome arm. Initially, we used markers to represent each chromosome arm; however, those were not polymorphic or scorable enough. We also used three markers found in more than one locus in different chromosomes to compare them with the single locus markers. In the present study, the number of scorable and polymorphic multilocus markers was limited since it was thought that their genome coverage might have been intriguing. Interestingly, multilocus markers seemed substantially more informative for detecting genetic diversity. The present study also determined which cultivars had the highest and lowest genetic diversity information. Most of the cultivars had relatively high genetic diversity information while Pandas showed the lowest genetic diversity information of all cultivars. This finding could be significant in terms of considering them for molecular breeding and marker-assisted selection systems.
When all of the cultivars and progenitor plants were considered, there seemed to be a remarkable variation. Variation within the cultivars was less compared to variation within the progenitor plants, as expected. Genetic diversity was also higher within the wild progenitors compared to the hexaploid wheat, using RFLP and RAPD markers (Nagaoka and Ogihara, 1997) . It should also be noted that the transferability of the SSR markers used in this study seemed to be convenient and may be utilized in evolutionary studies for grass species. In a previous study, some EST-SSR markers were also found to be useful for dissecting grass genomes (Bandopadhyay et al., 2004) .
Some of the wheat cultivars had a similar pedigree background although genetically they did not seem similar. For example, Pandas had Bezostaja-1 in its pedigree but was far apart from it in the dendrogram. Similarly, Kaşifbey-95 had almost the same pedigree background as Galil; however, they are also far from each other. Some cultivars from the same sources remained close, such as Esperia and Sagittario. Such discrepancy between genetic data and pedigree information could be attributed to selection pressure, unequal parental contribution, and the relatedness of ancestors without a known pedigree (Soleimani et al., 2002; Marić et al., 2004) . Similar patterns were also present in the dendrogram constructed using agronomic traits. In terms of the agronomic data, the variation among cultivars was also relatively small. The agronomic traits pattern was also like that of the quality traits, in which more than 80% of the cultivars were very closely related. This similarity was probably caused by the fact that most of the parents of the cultivars in Turkey were improved by just a few centers, especially ones connected to the International Maize and Wheat Improvement Center (CIMMYT). A loss of genetic diversity was also reported for CIMMYT and CIMMYT-related modern wheat cultivars in comparison to landrace cultivars, Aegilops tauschii, and traditional landrace cultivars (Reif et al., 2005) . In our study, it also seems that wild relatives have significant sources for broadening the gene pool of bread wheat.
The genetic similarity coefficients among the wheat cultivars were around 0.20, implying that most of the cultivars are within less than 20% of the genetic variation. It should be also noted that we combined spring and winter wheat cultivars in the analyses. This becomes more apparent when cultivars are classified in terms of origin and release ages. The results of the AMOVA suggested that there is little genetic variation between the old and new wheat cultivars as well as between the national and foreign-originated ones. It seems that the new cultivars did not add greatly to the genetic variation since their genetic diversity values were lower than those of the old cultivars. It should be noted that there were four private alleles in the old cultivars, while there were two in the new ones. The modern breeding cultivars also did not seem to increase the variation of European cultivars. A clear separation of European wheat cultivars before and after 1970 revealed that the more recent the European cultivars were, the more similar they were to each other (Roussel et al., 2005) . In a more recent study, comprising mostly modern breeding cultivars and 7000 molecular markers, the fraction of polymorphic markers was found to be very low, suggesting a relatively narrow wheat gene pool in Europe (Nielsen et al., 2014) . Similarly, the foreign materials had almost the same genetic diversity values as the national ones. The number of cultivars used in this study is about 10% of the total nationally listed bread wheat cultivars; however, these cultivars are planted on more than 25% of the total wheat areas. Using AFLP and selective amplification of microsatellite polymorphic loci (SAMPL) markers to differentiate wheat cultivars in Turkey released from 1936 to 2000, one study found that the genetic diversity between old and recent wheat cultivars was limited (Altıntaş et al., 2008) . These results were also in corroboration with ours. Therefore, such low variation among the national and foreign populations may pose risks in terms of narrowing gene pool of bread wheat in Turkey. Although there was no significant variation between the national and foreign cultivars, the number of private alleles was even lower in the national cultivars. It should also be noted that, in our study, the number of national cultivars (14) was higher than the number of foreign ones (10), indicating the need for the introduction of new alleles from sources such as landraces and wild relatives. Significant molecular variation between the progenitors and the modern wheat cultivars as well as the larger number of private alleles in the progenitor genomes suggested that progenitors are useful sources for increasing the narrowed gene pool.
We found no significant correlation between the genetic data and the agronomic or quality trait data, probably because the changes in environmental conditions affected the traits. Such results have been also reported for the comparison of DNA markers and morphological data (Marić et al., 2004; Salem et al., 2008) . In one study using SSR markers to differentiate 30 red winter wheat cultivars, a significant but very low correlation was found between morphological traits with genetic distance values (Fufa et al., 2005) . A low correlation between DNA markers and morphological traits could be attributed to a large portion of genomes involving noncoding regions as well as coding regions while morphological characters largely undergo artificial selection (Semagn, 2002) . However, the agronomic data seemed to be a relatively good predictor of the quality data due to the small but significant correlation between them.
In conclusion, SSR markers are useful tools to differentiate wheat cultivars and could be used for further genetic analysis and marker-assisted selection. Our study is one of the recent studies involving the genetic, morphologic, and quality characteristics of the winter and facultative-type bread wheat varieties grown in Turkey. The genetic maintenance of wheat varieties in comparison with their progenitors was also discussed and significant findings were revealed. To better understand the genetic and phenotypic diversity of the wheat varieties in Turkey, which is one of the large producers, it could be suggested that the number of cultivars or polymorphic markers be increased for future studies. Therefore, more useful markers and cultivars may be discovered for use in breeding programs. Progenitor species also seem to be a potential source of variation to broaden the genetic pool of bread wheat. Breeding institutes should use more diverse parental materials, including but not limited to landraces and wild relatives.
